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Abstract
The FutureGen 2.0 Project will design and build a first-of-its-kind, near-zero emissions coal-fueled power plant with carbon 
capture and storage (CCS).  To assess storage site performance and meet the regulatory requirements of the Class VI 
Underground Injection Control (UIC) Program for CO2 Geologic Sequestration, the FutureGen 2.0 project will implement a suite 
of monitoring technologies designed to evaluate CO2 mass balance and detect any unforeseen loss in CO2 containment.  The 
monitoring program will include direct monitoring of the reservoir, and early-leak-detection monitoring directly above the 
primary confining zone.  This preliminary modeling study described here focuses on hypothetical leakage scenarios into the first 
permeable unit above the primary confining zone (Ironton Sandstone) and is used to support assessment of early-leak detection 
capabilities.  Future updates of the model will be used to assess potential impacts on the lowermost underground source of 
drinking water (Saint Peter Sandstone) for a range of theoretical leakage scenarios.  This preliminary modeling evaluation 
considers both pressure response and geochemical signals in the overlying Ironton Sandstone. This model is independent of the 
FutureGen 2.0 reservoir model in that it does not simulate caprock discontinuities, faults, or failure scenarios.  Instead this 
modeling effort is based on theoretical, volumetric-rate based leakage scenarios. The scenarios include leakage of 1% of the total 
injected CO2 mass, but spread out over different time periods (20, 100, and 500 years) with each case yielding a different mass 
flux (i.e., smaller mass fluxes for longer duration leakage cases]. A brine leakage scenario using a volumetric leakage similar to
the 20 year 1% CO2 case was also considered. A framework for the comparison of the various cases was developed based on the 
exceedance of selected pressure and geochemical thresholds at different distances from the point of leakage and at different 
vertical positions within the Ironton Sandstone. These preliminary results, and results from an updated models that incorporate
additional site-specific characterization data, support development/refinement of the monitoring system design.
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1. Introduction
The advancement of carbon capture and storage (CCS) technology shows promise for addressing carbon dioxide 
(CO2) emissions and global climate change concerns.  The objectives of the FutureGen 2.0 project are to 
demonstrate, at the utility-scale, the technical feasibility of implementing CCS in a deep saline reservoir [1, 2].  In 
cooperation with the U.S. Department of Energy (DOE), the FutureGen 2.0 project partners—the FutureGen 
Industrial Alliance, Inc. (Alliance)—will repower a previously retired oil-fired power plant in Meredosia, Illinois,
with oxy-combustion technology to capture approximately 1.1 million metric tons (MMT) of CO2 each year, which 
is more than 90 percent of the plant’s carbon emissions.  Other emissions, such as sulfur oxides, nitrogen oxides, and 
mercury, will be reduced to near-zero levels.  Using safe and proven pipeline technology, the CO2 will be 
transported approximately 28 miles to the storage site near Jacksonville, Illinois, and injected into a deep saline 
reservoir (about 3,850 ft below ground surface) through a network of horizontal injection wells.
This modeling effort is in support of the overall monitoring design [3] for the FutureGen 2.0 project. The 
objective of the preliminary modeling is to investigate the potential for water quality impacts associated with any 
unforeseen loss of supercritical CO2 (scCO2) and/or loss of brine containment resulting from scCO2 storage 
operations.  This evaluation focuses on the first permeable interval (Ironton Sandstone) above the primary confining 
zone  for an assessment of early-leak detection capabilities.  Future updates of the model will be used to assess 
potential impacts on the lowermost underground source of drinking water (USDW), which is the Saint Peter 
Sandstone at this site, for a range of theoretical leakage scenarios..  A discussion of geochemical monitoring 
considerations, including an evaluation of the relative benefits of intrinsic indicators versus co-injected tracers for 
early leak detection, is provided in Vermeul et al. [3]. This preliminary modeling evaluation considered both 
pressure response and geochemical signals in the overlying Ironton Sandstone.  These preliminary results, and 
results from future updated models which will incorporate additional site-specific characterization data, will be used 
to guide refinement of the monitoring design.
A summary of the preliminary description, scenarios, and selected simulation results are discussed in the 
following sections. Additional details are provided in Vermeul et al. [3].
2. Model Description
Currently site-specific characterization data are very limited for the units represented in this model because the 
focus of the initial well drilled at the FutureGen 2.0 site was characterization of the reservoir (Mount Simon 
Sandstone and Elmhurst member of the Eau Clair Formation) and caprock (Proviso and Lombard members of the 
Eau Claire Formation) [4,5]. Few deep wells exist in the area near the site, and those available have limited 
characterization data available for these upper units (i.e., Ironton Sandstone and overlying units).  Planned 
characterization activities during installation of the FutureGen 2.0 storage site injection and monitoring well network 
will provide a comprehensive data set of material properties for the formations of interest.  This preliminary model 
will be updated once these data become available.  The current model configuration is independent of the FutureGen 
2.0 reservoir model in that it does not simulate caprock discontinuities, faults, or failure scenarios.  Instead, this 
modeling effort is based on theoretical, volumetric-rate based leakage scenarios.  The model is implemented using 
the STOMP-CO2 simulator [6].
2.1. Hydrostratigraphy and Grid
The bottom of the model domain starts at the bottom of the Ironton Sandstone which is the first permeable unit 
above the Eau Claire caprock.  The top of the model domain is within the Platteville Limestone which is above the 
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Saint Peter Sandstone.  The hydrostratigraphy for the model domain (see Figure 1) was sampled from a PETREL 
solid earth model [5] of the FutureGen 2.0 storage site which is based on characterization data collected from the 
initial stratigraphic borehole at the site and numerous other wells in the wider area within the Illinois Basin. 
The grid is refined in the X and Y directions around a hypothetical leak location and applies ½ symmetry with a 
Y-direction mirror plane roughly parallel to the dip direction; the ½ symmetry is used to reduce the number of nodes 
required.  The overall domain size is 5,000-ft in the X direction, 2,500-ft in the Y direction, and 1,820-ft in the Z-
direction. The horizontal (X and Y) grid spacing is 1-ft near the leak location and gets progressively larger (roughly 
doubling) to a final 100-ft spacing. The vertical grid spacing is 5-ft at the bottom within the Ironton and the Davis
units and is then increased, stepwise, to 30-ft spacing for the upper part of the domain.  The finer Z grid resolution at 
the bottom was implemented to support the preliminary simulations focused on leakage into the Ironton Sandstone.  
The grid has 62 X-direction nodes, 31 Y-direction nodes, and 120 Z-direction nodes yielding 230,640 nodes overall.  
The grid has 5,266 inactive nodes because of the dip along the bottom.
Grid spacing tests were conducted on the preliminary model to assess the impact of node spacing and domain size 
on the simulation results.  Two different types of tests were conducted (1) ¼ symmetry with higher X-Y grid
resolution and a maximum spacing of 50-ft instead of 100-ft, and (2) extending the domain by 1000-ft in the Y-
direction and 2000-ft in the X-direction (i.e., extension by 1000-ft on the east and west sides).  In summary, results 
of these tests were similar to the base case. However less numerical dispersion was apparent at the more distant 
locations, which impacted aqueous solute arrivals for the higher resolution grid (i.e., sharper arrival fronts for
aqueous CO2).  Some of the slight differences from the higher resolution case can be attributed to the different 
overall hydrostratigraphic structure from the ¼ symmetry assumption (i.e. no down dip section on the east side as 
shown in figures discussed later in this paper).  The extended boundary cases had slightly less inceases in pressure 
for the 20-year scCO2 leakage case.  
2.2. Material Properties
As discussed previously, there is limited site-specific characterization data available for this preliminary, 
scoping-level model.  Sidewall core samples were collected from all the major units and laboratory analyses of these 
samples is one source of property estimates used in this model. Regional studies of these units were used to fill in 
the gaps in material properties. For this preliminary modeling effort, each stratigraphic unit was assigned a uniform 
set of material properties (i.e., no material property variations within stratigraphic units).  Properties included 
permeability, anisotropy, porosity, compressibility, and saturation function/relative permeability function values.
The values chosen for these properties for each of the hydrostratigraphic units, along with the data sources, are 
described in Vermeul et al. [3].
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Fig. 1. Model domain, hydrostratigraphic units, and STOMP-CO2 grid for the preliminary model. Rock Types: 1=Platteville Limestone, 
3=Joachim Dolomite, 3=Glenwood Dolomite, 4= St. Peter Sandstone (USDW), 5=Shakopee Dolomite, 6=New Richmond Sandstone, 7=Oneota 
Dolomite, 8=Gunter Dolomite/Sandstone, 9=Eminence Dolomite, 10=Potosi Dolomite, 11=Franconia Dolomite, 12=Davis Dolomite, 
13=Ironton/Galesville Sandstone.
2.3. Initial Conditions 
Initial conditions specified for the model are aqueous pressure, temperature, and salinity.  Pressures were based 
on interpolation of measurements from the initial stratigraphic borehole [4,5]. The temperature profile is similar to 
the profile reported in [4], but was modified slightly based on additional measurements collected during the 
geomechanical testing program, conducted in the Fall of 2013; this modification was made to account for drilling-
related temperature variations that were apparent in the original profile.  Initial salinities were specified as the mean 
salinity calculated for each hydrostratigraphic unit based on salinity logs from the initial stratigraphic borehole [4,5].
A comparison of aqueous sample results from fluid samples collected during drilling and hydrologic testing of initial 
stratigraphic borehole indicate that the mean salinity obtained from the geophysical logs was higher than the limited 
number of aqueous samples collected from the Saint Peter Sandstone, but were similar to both depth-discrete and 
composite aqueous samples collected from the Mount Simon Sandstone. A quasi-steady state simulation was 
conducted using the boundary conditions described below to provide initial aqueous pressures inside the domain for 
the start of the transient leakage simulations. There were only small differences in aqueous pressure between the 
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specified values and the quasi-steady state values., However, near the layer boundaries, these difference were 
significant for determining pressure responses from the low annual mass flux leakage cases (i.e., 100 and 500 year 
cases).
2.4. Boundary Conditions 
On the side and back boundaries of the three-dimensional model (North, East, and West), a Dirichlet boundary 
condition is specified based on the initial conditions for pressure, salinity, and temperature.  A no-flow boundary is 
imposed on the front (south) of the domain due to symmetry scheme.  The top boundary was defined at the top of 
the Platteville unit, which is above the lowermost USDW, to minimize boundary impacts on the USDW. Dirichlet 
boundary conditions for pressure, temperature and salinity were specified at the top boundary based on initial 
condition values. A no-flow boundary was also specified for the bottom boundary.
Regional flux through the Ironton was not considered in this preliminary modeling effort.  Based on estimates 
from regional models [7], groundwater flux through the Ironton is likely negligible over the relatively short time-
scales of these leakage simulations.
3. Leakage Scenarios
The leakage source is applied through a single node at the bottom of the Ironton in the center of the X-direction 
model domain in the 1-ft X-Y refined grid area to approximate a leak from an artificial penetration or some other 
localized source of leakage.  The initial scoping-level leakage scenarios assume 1% (0.22 MMT) of the total planned 
injected scCO2 mass (22 MMT) has leaked over three different time periods, as follows:
x 1% of total mass leaked over 20 years (0.011 MMT/yr)
x 1% of total mass leaked over 100 years (0.0022 MMT/yr)
x 1% of total mass leaked over 500 years (0.00044 MMT/yr)
Additionally, a 20-year brine leakage case was simulated with the brine volume equivalent to the 1% scCO2 volume.
4. Selected Preliminary Simulation Results
Figure 2 shows the scCO2 saturations at the end of the 20-year leakage case in a three-dimensional view to show 
the plume spread and the symmetry used in the model.  Figure 3 shows the simulated scCO2 saturations at two time 
periods for this same leakage case at the y-value of the leakage point. The scCO2 plume is very narrow above the 
leakage location and spreads out at the contact with the Davis Dolomite which has a much greater entry pressure 
than the Ironton Sandstone and a much lower intrinsic permeability.  The simulated scCO2 behavior is due to the 
buoyancy driving forces resulting from the lower fluid density of scCO2 relative to brine.  No scCO2 enters the 
Davis Dolomite in the simulation.  The preferential lateral spreading of the scCO2 to the west is associated with dip 
in the Ironton/Davis contact.  
Figure 4 shows a contour plot of simulated early time aqueous pressures from the 20-year leakage case and a line 
plot at node locations within the Ironton Sandstone.  The line plot shows the simulated values at three lateral 
distances (80-, 455-, and 955-ft toward the west) from the point-source leakage location and three vertical positions 
(top, middle, and bottom) within the Ironton Sandstone.  The line plots show that the near-leak pressures rise quickly 
but then decrease, even though the scCO2 leakage flux is constant.  This behavior is due to the increase in scCO2
saturations as the plume grows, which causes a corresponding increase in the scCO2 relative permeability and a
decrease in the pressure gradients required for the leakage flux.  Aqueous pressures at the intermediate distance (i.e.,
455-ft) show a similar behavior, but take longer to develop and the pressures are attenuated.  
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Preliminary simulated scCO2 saturations at the end of the 100-year and 500-year leak cases are shown in Figure 
5.  The lower scCO2 flux rates for the longer duration simulations causes more lateral spread of the scCO2 plume at 
the top of the Ironton Sandstone and less spreading in the middle portion of the unit above the leakage point.
Fig. 2. Three dimensional view of simulated scCO2 saturations within the Ironton Sandstone for the 20-year scCO2 Leakage Case.
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Fig. 3. Simulated scCO2 saturations at 2 years (top) and 20 years (bottom) for the 20-year scCO2 Leakage Scenario.
View is at the y value of leakage source location.
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Fig. 4. Simulated aqueous pressure contour plot at 0.4 years (top) and line plot (bottom) for pressures at nodes within the Ironton Sandstone for 
the 20-year scCO2 Leakage Scenario.  Distances are at nodes toward the west of the leak and at the top, middle, and bottom of the Ironton
Sandstone.
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Fig. 5. Simulated scCO2 saturations within the Ironton Sandstone at the end of the 100-year (top) and 500-year (bottom) scCO2 Leakage Scenario.
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5. Discussion
Graphical representations of aqueous pressures at selected locations and threshold values for these preliminary 
simulations are provided in Figure 6.  This analysis for the aqueous CO2 concentrations (which have a slightly larger 
extent than the scCO2 plume) for the scCO2 leakage cases and for conservative tracer concentration in the brine 
leakage simulation are provided in Figure 7. These multi-category bar charts illustrate the sensitivity of early leak-
detection signals (presented as a time-to-first-detection) at the various lateral distances and depth intervals 
investigated.  
Based on these results, distinctions in leak-detection sensitivity can be made between the various leak detection 
signals for the leakage scenarios and monitoring locations investigated. Overall, both scCO2 and brine simulations 
show that pressure is likely to be the earliest indicator of leakage, as indicated by the rapid pressure responses seen 
for the 20-, 100-, and 500- year scenarios. Given the accuracy and resolution of the sensors that will be used to 
monitor pressure at the FutureGen 2.0 storage site (2 and 0.05 psi, respectively), it is expected that a pressure 
response would be detected within a week for all of the 20 and 100 year leakage scenarios, at all of the monitoring 
locations evaluated. For the 500-year leakage scenario, higher resolution equipment may be necessary for pressure 
detection, since the only pressure value thresholds crossed was 0.2 psi.  Pressure responses at locations within about 
450 ft generally respond quickly, at times ranging from instantaneously to within a day of the start of leakage. At 
higher pressure value thresholds (e.g., 5 psi) and at a distance of about 950 ft, pressure responses are predicted to 
occur within hours, or in some cases within one week.  All of these response times are favorable and indicate that 
pressure signal detection in monitoring wells above the confining zone could be on the order of days to a maximum 
of weeks, providing for an effective early leak-detection monitoring capability based on these preliminary 
simulations.
Comparisons of the arrival times of aqueous CO2 (for scCO2 simulations) and tracer (for brine simulations) show 
that geochemical signals are much more localized and take much longer to develop than the pressure responses.  In 
addition, because of the buoyancy effect associated with scCO2 injection, early leak-detection monitoring for these 
leakage scenarios is best achieved through upper zone monitoring as monitoring distances increase from the leakage 
source.  It should be noted that the aqueous CO2 arrival results assume that no aqueous CO2 is present prior to the 
scCO2 leak (i.e. neglects baseline aqueous CO2).  .  However, these results, along with tracer arrival results for the 
brine leakage case, are presented as a proxy for intrinsic, CO2 injection-related, and co-injected tracer-related,
signals that might be present at the leading edge of the scCO2 plume.  Future modeling efforts will explicitly 
evaluate 1) the predicted increase in aqueous CO2 concentration over background levels and 2) the predicted 
magnitude of signal provided by both intrinsic and co-injected tracers.
The preliminary results of this modeling are highly sensitive to layering and heterogeneities within the Ironton 
Sandstone.  Low permeability layers within the Ironton Sandstone would inhibit the upward buoyance migration of 
scCO2 and also influence the aqueous pressure responses.  For this preliminary modeling the Ironton Sandstone was 
assigned uniform properties for the entire unit.
Additional work planned for this preliminary model includes updating the hydrostratigraphy and material properties 
as more data becomes available from additional planned site drilling and characterization that will focus more on the 
properties of the layers above the primary confining unit. Lateral boundary conditions will be extended based on 
slight pressure differences in the extended boundary test for the 20-year leakage cases and also due to aqueous CO2
leakage out the western boundary for the 500 year case.  Sensitivity cases will be run on material properties and 
heterogeneities in Ironton Sandstone.  Other uses of the model will include leaky well scenarios and similar focused 
leakage cases extending into the upper layers to assess impacts to the lowermost USDW.
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Fig 6. Comparison of pressure responses between cases in the top and the bottom of Ironton at three lateral distances from the leak.
Fig 7. Comparison of aqueous CO2 and conservative tracer (for the brine case) responses between cases in the top and the bottom of Ironton at 
three lateral distances from the leak.
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